Context: Cyclic changes of endometrial arteries are well established but possible cyclic changes of lymphatic and venous vessels have not been fully documented. There are no published morphological reports to support cyclic changes of endometrial lymphatic and venous vessels. Objective: Using cryosections of human endometrium, this study aimed to unveil possible cyclic changes of lymphatic and venous vessels. We previously reported cyclic changes of lymphatic vessels in human endometrium using D2-40. Design: A total of 16 cases representing menstrual, proliferative and mid and late secretary phase were studied. For Immunocytochemical staining, lymphatic vessel endothelial hyaluronan receptor 1 and von Willebr and factor were used for lymphatic and venous vessels, respectively. We used polyclonal LYVE-1 in this study, which revealed more lymphatic vessels than using D2-40. Results: Residual lymphatic and venous vessels were present in menstrual basalis. In Day 5 -9 endometrium, there were sparse lymphatic vessels but were numerous growing venous vessels in thin proliferating functionalis. In Day 14 -22 endometrium, there were scattered lymphatic vessels and numerous venous vessels in functionalis. In Day 25 -26 endometrium, there were many dilated lymphatic vessels and numerous dilated, disintegrating venous vessels in upper functionalis than lower functionalis. Conclusion: The above findings support that lymphatic vessels are sparse but venous vessels are numerous in early proliferative functionalis. Lymphatic vessels grow from basalis to thin functionalis. In premenstrual phase, lymphatic vessels proliferate from lower to upper functionalis, and both lymphatic and venous vessels disintegrate for shedding by this immunocytochemical study using lymphatic and venous markers. Thus, all lymphatic, venous and arterial vessels undergo menstrual cyclic changes and shed for menstruation.
Introduction
The cyclic changes of endometrial arteries have been well established but similar changes of venous and lymphatic vessels have not been documented [1] - [3] . Using cryosections of human endometrium of menstrual, proliferative and secretary phase, this study aimed to unveil possible cyclic changes of venous and lymphatic vessels in the menstrual period, early proliferative, mid-secretary and late-secretary phase. For immunostaining, lymphatic vessel endotheliumhyarulonan receptor 1 (LYVE-1) was used for lymphatic vessels and von Willebr and factor (F-8) was used for venous vessels, respectively [4] [5] . Polyclonal LYVE-1 revealed more lymphatic vessels than using monoclonal D2-40 (Unpublished data). Information on the endometrial lymphatic vessels is sketchy and unsettled: some authors claimed that lymphatic vessels were absent in the human endometrium [6] [7] but more investigators agree that some lymphatic vessels are present in human endometrium: one group reported that lymphatic vessels were present in functionalis in 62% of the samples [8] , and another group reported that endometrial lymphatic vessels were observed in basalis alone using a lymphatic vessel immunocytochemical marker [9] . Rogers and his associates studied lymphatic vessel density with formalin-fixed and paraffinembedded human endometrium using D2-40 as a lymphatic marker: lymphatic vessels were identified in functionalis at a reduced density than basalis and myometrium [10] [11] . Lymphatic vessels in the functionalis were small and sparsely distributed whereas lymphatic vessels in the basalis were larger and often closely associated with spiral arteries/arterioles [10] - [12] . There are numerous endometrial venous vessels in all phases of menstrual cycle but clear cyclic changes of venous vessels in the endometrium have not been documented by immunocytochemical studies. Morphogenesis of lymphatic and venous vessels is associated with endometrial arteries, and lymphatic and venous vessels may be closely coordinated with cyclic changes of spiral arteries of the functionalis. And this coordinating morphogenesis is the main objective of this study.
Materials and Methods
Endometrial tissue was collected from 16 adult Caucasian women (age range-37 to 45 years) undergoing elective hysterectomy. Written informed consent was provided by all subjects and ethical approval for tissue collection granted by the Lothian Research Ethics Committee as described before [13] - [15] . All women reported regular menstrual cycles (25 -35 days) and had not received exogenous hormones or used an intrauterine device in the 3 months prior to inclusion in this study. After the uterus had been removed, a wedge of tissue from the endometrial surface to the myometrium including the full thickness of endometrium of corpus uteri with the contiguous myometrium was taken as described before at an average size of 1 × 1 × 0.4 cm [16] . Fresh wedge tissues were embedded in OCT matrix (Fisher Scientific, Pittsburgh, PA), and were frozen in liquid propane in the liquid nitrogen bath as described before [13] - [15] and cryosectioned at 5 -7 microns. Cryosections were mounted on Super Frost Plus slides (Fisher Scientific), microwave-irradiated on ice for 3 sec, fixed in 2% paraformaldehyde in phosphate buffer at pH 7.4 for 10 to 15 min at room temperature, and immersed twice for 2 min each time in 85% ethanol [17] . To inhibit endogenous peroxidase activity, sections were incubated with a solution containing glucose oxidase (1 U/ml) and sodium azide (10 mmol /ml) in PBS for 45 min at 25˚C [17] [18] . Sections were incubated with blocking serum for 20 min. Then sections were incubated with goat antihuman LYVE-1 (R and D System, Minneapolis, MN) at 1:600 dilution for lymphatic vessels or with rabbit antihuman F-8 (Dako System, Carpenteria, CA) at 1:800 dilution for venous vessels, respectively, overnight at 4˚C [18] . After rinsing and immersion in blocking serum again, sections were incubated with second antibody (1:200 dilution) for 30 min at room temperature. Final visualization was achieved with the ABC kit (Vector Laboratories, Burlingame, CA) and 0.025% diaminobenzidine tetrahydrochloride (Dojindo Molecular Technology, Rockville, MD) in Tris-buffer pH 7.6, 0.03% H 2 O 2 (Fisher Scientific) to induce a brown coloration. Tissue sections were then lightly counterstained with hematoxylin to facilitate identification of cellular components. Since lymphatic vessels were mostly linear with narrow lumens (<20 µm), morphometric analysis of lymphatic vessels was performed for measuring the length of lymphatic vessels in five randomly selected 10 × 10 = ×100 fields in µm using a linear 1 cm scale mounted in the 10× eye piece for each case as described before [16] for the adjacent myometrium, basalis and functionalis, respectively, excluding small lymphatic vessels (<30 µm) since the small lymphatic vessels were often indistinguishable from the fibrous cytoplasm of activated macrophages, which were also positive for LYVE-1 [16] - [18] . Venous vessels are more dilated than arteries and lymphatic vessels and F-8 positive venous vessels >30 µm were included in this study for the venous vessels. From the mid-proliferative to late-secretary phase, the functionalis was divided approximately into an upper one-half, a superficial layer, the compacta, consisting of densely packed stromal cells around the straight necks of glands, and into a lower one-half layer as spongiosa, a thick, spongy layer containing the tortuous bodies of the glands [1] [2] . The functionalis was studied for the lower functionalis during early-proliferative phase, and for both upper and lower functionalis from mid-proliferating to late-secretary phase. The total length of lymphatic and venous vessels was cumulatively measured in the microscopic slides, and the mean, SE and p values were calculated together with the total numbers of lymphatic vessels for early-proliferative phase, early-secretary phase, late-secretary phase and menstrual period ( Table 1) . 
Results
In Day 3 endometrium, there were some lymphatic and numerous venous vessels in basalis as compared to more than five times lymphatic and about twice more, large venous vessels in the myometrium, respectively (Figure  1 (A) and Figure 1(B) , Table 1 ). The sizes of non-cycling lymphatic and venous vessels in the basalis were about the same of those in the myometrium ( Table 1) . In Day 5 -9 basalis, there were practically no lymphatic vessels but were numerous elongated venous vesselsin the functionalis, perpendicularly to the uterine cavity (Figure 1(D) ). The numbers and total lengths of lymphatic vessels increased more than twice in the Day 5 -9 basalis than the Day 3 basalis ( Table 1) . The numbers and mean lengths of lymphatic and venous vessels were about the same for Day3 and Day 5 -9 myometrium ( Table 1) . In Day 14 -22 endometrium, there were a few lymphatic and numerous venous vessels, longitudinal to the endometrial cavity in the functionalis as compared to numerous large lymphatic and venous vessels in the basalis and most numerous horizontal venous vessels in the myometrium (Figures 2(A)-(D) ). The lower functionalis revealed more than 1.5 times numbers and more total lengths of lymphatic vessels compared to those of the upper functionalis but the mean lengths of lymphatic vessels were about the same for the upper and lower functionalis ( Table 1) . The total numbers, total lengths and mean lengths of venous vessels in the Day 14 -22 functionalis were about the same for the upper and lower functionalis ( Table 1 ). The total numbers and total lengths of lymphatic vessels in the functionalis were more than three times those of Day 5 -9 functionalis ( Table 1) . In Day 25 -26 endometrium, upper functionalis revealed less longitudinal lymphatic vessels than lower functionalis as compared to numerous small lymphatic vessels in basalis and more numerous, large horizontal lymphatic vessels in the basalis and myometrium (Figure  3(A) and Figure 3(B) ). Compared with the Day 14 -22 upper functionalis, which revealed more lymphatic vessels than the Day 25 -26 upper functionalis, the Day 25 -26 uterus revealed about 10% more lymphatic and venous vessels for basalis and about 15% more lymphatic and venous vessels for myometrium than the corresponding Day 14 -22 basalis and myometrium, respectively ( Table 1) . The radial arterial endothelium in the endometrial-myometrial junction was weaker immunostained for F-8 than venous vessel endothelium, the latter was much strongerimmunostained than the former (Figure 3(D) ). Compared with the Day 25 -26 functionalis, the Day 14 -22 functionalis often showed longer longitudinal lymphatic vessels as the Day 14 -22 upper functionalis revealed more total numbers and total lengths of venous vessels than those of Day 25 -26 upper functionalis ( Table 1 ). In the Day 25 -26 functionalis, there were more increased larger, occasional large diluted, degenerating venous vessels with disintegrated wall, which were prominently present in the upper functionalis with similar but less dilated venous vessels were observed in the lower functionalis (Figure 4(C) and Figure  4(D) ). 
Discussion
The cyclic changes of endometrial arteries of the human endometrium are well established: a gradual increase in arborization of coiling of spiral arteries during proliferative phase and the spiral growths parallel the gradual increase in length and coiling of endometrial glands in post-ovulatory period [2] . Blood to the endometrium is supplied through the radial arteries, which arise from the arcuate arteries in the myometrium. After passing through the myometrial-endometrial junction, radial arteries split into the smaller basal arteries that supply the basalis and the spiral arteries, the latter continue to supply the functionalis. The spiral arteries have distinctive coiled appearance with more pronounced coiling during the secretory phase [10] . During the menstrual period, a collapse of the arterial and glandular systems predominates in the functionalis whereas both arteries and endometrial glands are thought to remain unchanged in the basalis throughout the menstrual cycle [2] . Spiral arteries proceed to form capillary plexuses and arteriovenous anastomoses: the former subsequently form venous lakes whereas the latter merge directly to the venous vessels [10] [19] . Information on the cyclic changes of human endometrial lymphatic and venous vessels is much limited to date [6] - [9] . The presence of endometrial lymphatics is unsettled: Some authors claimed no lymphatics in the human endometrium [6] [7] . Using LYVE-1 with nonhuman primate endometrium, Red-Horse et al. reported no lymphatic vessels in the endometrium but pregnancy rapidly induced lymphatic vessels in the decidual parts of the uterus [7] . By studying 15 surgically resected uteri of normal endometrium of various phases of menstrual cycle, Koukourakis et al. detected no LYVE-1 positive lymphatic vessels in endometrium although a dense CD 31 positive vascular network was detected [6] . But more reports agreed that lymphatic vessels are present in the human endometrium: two studies reported lymphatic vessels in the functionalis of human endometrium in 62% of samples or with restricted distribution in the functionalis relative to the basalis [8] whereas another study identified endometrial lymphatic vessels in the basalis alone [9] . We had initially used the routinely formalin-fixed and paraffin-embedded human uterine tissues using LYVE-1 and D2-40, which revealed sporadic and sparse lymphatic vessels in the functionalis but we could not detect cyclic changes of lymphatic vessels in the functionalis. The recent studies using formalin-fixed and paraffin-embedded tissues identified sparse lymphatic vessels in all phases of functionalis [11] [12] . For immunostaining lymphatic vessels, LYVE-1 and D2-40 have been widely used: LYVE-1, a transmembrane receptor that binds to glucosaminoglycan hyaluronan [20] has provided a tool to accurately characterize lymphatic distribution in wide range of tissues [20] - [22] . D2-40, a novel monoclonal antibody to O-linked sialoglycoprotein that reacts with lymphatic endothelium has also been widely used for immunostaining lymphatic vessels [23] [24] and does not immunostain endothelial capillaries, arteries or veins [23] - [25] . Polyclonal LYVE-1 tended to immunostain more lymphatic vessels than monoclonal D2-40 in our experience (Unpublished data). D2-40 required no less than 1:100 dilution of the antibody for both cryosections and formalin-fixed and paraffin-embedded tissue sections for immunostaining lymphatic vessels (unpublished data). In this study, cryosections needed only a fraction of the antibody at 1:600 dilution for immunostaining lymphatic vessels using goat antihuman LYVE-1 and also lesser antibody at 1:800 diluted rabbit antihuman F-8 for immunostaining venous vessels [16] [18] . In contrast, the routinely processed paraffin sections required no less than 1:100 diluted antibody solution for immunostaining lymphatic and venous vessels, respectively [4] [5] .
Thus, it appears that the routinely formalin-fixed and paraffin-embedded sections apparently lost the antigenicity for LYVE-1 and F-8 through tissue preparation compared to the cryosections. Using monoclonal D2-40, Rogers and his associates extensively studied angiogenesis and lymphangiogenesis with the routinely processed paraffin-embedded human endometrium by measuring lymphatic vessel density (LVD): no significant difference between proliferative and secretary LVD within the functionalis (proliferative 16.7 ± 2.6 mm 2 vs secretary 16.2 ± 2.6 mm 2 ), basalis (proliferative 73.1 ± 3.7 vessels/mm 2 vs secretory 79.1 ± 7.5 mm 2 ) and myometrium (proliferative 63.4 ± 2.7 vessels mm 2 vs secretary 60.3 ± 2.6 vessels mm 2 ) [11] . The majority of D2-40 positive lymphatic vessels were positive for CD31 but not for F-8 [11] . By comparing CD 31 with D2-40 immunostaining, the authors had estimated that 13% of the vessels profiles in functionalis, 43% in basalis and 28% in myometrium were lymphatic vessels [11] . They concluded that the LVD of functionalis was significantly reduced compared with basalis and myometrium across the cycle (p = 0.001) [11] . They further claimed that basalis contained 4 -5 times more lymphatic vessels than myometrium and there was a reduced or no lymphatic vessel density in the functionalis relative to the basalis [11] [12] . Compared with the lymphatic vessel density study by Rogers et al. [11] , our cryosection immunostaining revealed sparse lymphatic vessels in the functionalis of the early-proliferative phase and increasing lymphatic vessels in early-secretary to late-secretary phase functionalis (Figures 2-4, Table 1 ). Thus, lymphatic vessel immunstaining with cryosections appears to reveal more lymphatic vessels than the routine paraffin sections as reported before ( Table 1) . Lymphangiogenesis is rather loosely associated with angiogenesis except for those located in the periarcuate arterial stroma in the myometrium (Figure 3) . The arcuate arteries in the myometrium are bigger than the radial arteries in the myometriumendometrial junction, and the latter are bigger than spiral arterioles in the functionalis [26] . Thus, more lymphatic vessels are present in the myometrium associated with arcuate arteries than the functionalis, in the latter lymphatic vessels are not associated with spiral arterioles by sporadic distribution in the upper functionalis (Figure 3 and Figure 4) . The lymphatic system plays a major role in the both tissue fluid balance and immune surveillance in the human endometrium, but the functional significance of sparse endometrial lymphatics in the functionalis remains speculative today [26] . The sparse lymphatic drainage of the functionalis does provide a functional explanation for edema that has long been recognized as a histological feature of the functionalis at the specific stages of the menstrual cycle [11] [26] . It appears that dilated lymphatic vessels in the functionalis from the late-secretary phase are unique with a special function such as both absorption and release of edematous functionalis stroma. During proliferative phase when functionalis grows under estradiol control, lymphatic vessels are not as abundantly present as venous vessels in the functionalis, and lymphatic vessels are therefore not under estradiol control. Lymphatic vessels from Day 25 -26 are sporadically distributed in the functionalis and are not continuous to the non-cycling horizontal lymphatic vessels in the basalis. Thus, there is no morphological evidence to support that the longitudinal lymphatic vessels in the Day 25 -26 upper functionalis drain into the horizontal non-cycling lymphatic vessels in the basalis (Figure 1 and Figure 4) . Further, longitudinal lymphatic vessels from the Day 25 -26 functionalis abruptly taper off, and this finding supports that these longitudinal lymphatic vessels do not drain into the lymphatic vessels in the basalis. Maintaining fluid homeostasis is a key function of lymphatic vessels. Excess protein-rich fluid is removed from tissue via lymphatic vessels for return to the blood circulation [26] . Furthermore, lymphatic vessels have key roles in immune surveillance and transporting both soluble antigens and antigen presenting cells from peripheral tissues to the lymph nodes [10] [11] [26] [27] . During proliferative phase, endometrial blood flow rises as there is a significant correlation between unopposed circulating estradiol levels and rate of endometrial blood flow to reach a peak just before ovulation [28] . There is a significant positive correlation between unopposed circulating estradiol levels and rate of endometrial blood flow [28] . When progesterone levels are elevated after ovulation, the correlation between estradiol and blood flow is lost [28] . The increasing venous vessels are present in the functionalis from Day 14 -22 to Day 25 -26 endometrium, with increasing larger longitudinal venous vessels toward the uterine cavity, which accommodates the increasing blood flow (Figure 3) . In the late-secretory phase, when estradiol and progesterone levels decline, blood flow in the functionalis declines. Dilated lymphatic and venous vessels characteristically appear at the premenstrual phase, and this thin-walled lymphatic and venous vessels are also observed in progestin-induced break-through bleeding [26] - [29] . By functional study using mouse models, Rodgers et al. reported that menstrual bleeding commences from the wall of an arterial or capillary vessels once previously constricted spiral arteries relax and blood flow recommences, which is responsible for 70% of blood loss [26] . Some blood leaves through the capillary circulation, accounting for 5% of blood loss and reflux from venous vessels through previously formed breaks, accounting for 25% of blood loss [26] . Blood loss from a break in the endometrial vasculature during menstruation normally lasts for only 1 -2 min before ceasing due to spiral arterial vasoconstriction [26] . Thus, venous vasculature includes venous vessels and venous lakes accounts for about 30% of menstrual blood loss [26] . The current study provided a further morphological evidence of cyclic changes of lymphatic and venous vessels, which account for a sizable percentage of menstrual blood loss. The presence of dilated, disintegrating venous vessels in upper functionalis from the Day 25 -26 late-secretory phase also supports the venous bleeding for menstrual bleeding (Figure 3 and Figure 4 ). Endometrium exposed to progestin undergoes a well characterized series of morphological changes, including pseudo-decidualization of the stroma and appearance of abnormally dilated and thin-walled endometrial vessels [26] - [29] . This change represents dilated and disintegrating lymphatic and venous vessels observed in the premenstrual upper functionalis (Figure 4) . Arteries/arterioles drain into the corresponding venous system: the spiral artery/arterioles in the functionalis drain into capillary plexus which subsequently drain into venous lakes. Thus, all spinal arteries in the functionalis eventually drain into the draining venous vessels in the functionalis whereas straight arteries drain into the venous vessels in the basalis [29] - [31] . As mentioned above, all arterial, capillary plexus, venous and lymphatic vessels undergo menstrual cyclic changes and disintegrate for the menstrual bleeding.
